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Abstract — This study reports on the synthesis of 
ball-like bismuth ferrite BiFeO3 nanoflowers by 
means of microwave assisted hydrothermal process 
and also on their composition and mechanism of 
growth. It turns out that the petals of the nanoflowers 
are composed of the nanocrystals with the size about 
35-39 nm whereas their thickness and size depends 
on the concentration of surfactants. The petals 
contain BiFeO3 phase and traces of Bi2O3 oxide and 
metallic Bi and Fe deposited mainly at their surface. 
Amounts of impurity phases are more pronounced in 
nanoflowers synthesized during short time, and 
become almost negligible for longer microwave 
processing. The nanoflowers contain also mixed Fe 
valence, with the Fe2+/Fe3+ ratio depending on the 
time of synthesis. The growth and shape of the 
nanoflowers result from the process of diffusion in 
the initial stages of hydrothermal reaction.  
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I. INTRODUCTION 
Nanoparticles exhibit a tendency to aggregate during the 
synthesis process in a variety of form, the most intersting of 
which are nanostructures very similar in form to living plants. 
Among them, one can mention the most simple shapes like 
nanoalgae [1], more complex nanodendrites [2], nanograss [3, 
4] nanotrees [4] and of course the most sophisticated forms 
like nanoflowers [5]. Nice SEM images of nanoplants and 
nanoforms have been awarded by the Materials Research 
Society on the Science as Art competition organized twice  
a year [6]. However, these nanostructures are not only 
beautiful but also important for understanding their physical 
nature as well as from the point of view of their future 
applications. For example, nanoplants like nanoseeweeds and 
nanotrees when sensitized by organic dyes become effective 
solar cells [4, 7]. Nanograss lithium batteries are heavy-duty 
source of power for mobile phones [3]. Nanoflowers can be 
used as excellent field emitters [8, 9], they also exhibit high 
catalytic [10] and photocatalytic activity [11] and enhanced 
dielectric response [12]. Due to excellent biocompability of 
some nanoflowers they are also important for applications in 
medicine and biology as amperometric [13] and colorimetric 
[14] biosensors, cell tags for in-vivo applications [15], for 
cancer cell recognition, bioimaging [16, 17] and drug delivery 
[18]. 
The dimension of nanoflowers varies from a few dozen of 
nm (about 40 nm for Au nanoflowers) [15] to a few dozen of 
micrometers (about 50 µm for SnO2 flowers) [19]. Thus the 
common term “nanoflowers” does not necessarily refer to the 
external size of these objects. It rather comprises the flower-
like materials with characteristic lenghts below 100 nm in at 
least one dimension (for example thickness of the petals). 
Nanoflowers can consist of plate- or sheet-like petals [20], 
perforated or brush-like ones [21], nanocrystalline petals [22], 
petals branched into tips [10], nanobelt-like petals [23], 
nanofibers [12], and even of bundles of nanorods [24]. They 
exhibit sometimes unusual morphological details, for example 
hollow cores [25], vase like [26] and hexangular shapes [27] 
or snowflake-like [13, 28] and downy-velvet-flower-like 
nanostructures [29].  
Nanoflowers can be made of various elements like metals 
[15, 30, 31], carbon, [25] and of compounds of the elements. 
Examples of the latter are metal oxides [9, 12, 20-23] and 
various salts: suphides, tellurides, nitrides and phosphides [24, 
27, 29, 32-35]. There are also known organic-inorganic 
nanoflowers [36] and DNA nanoflowers [17].  
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Recently, first nanoflowers of functional materials like 
multiferroics have been synthesized [37, 38]. Multiferroics 
exhibit simultaneously more than one order parameter in  
a single phase and therefore have large technological potential. 
The most interesting are magnetoelectric (ME) multiferroics 
with magnetic and charge ordering and some mutual coupling 
between magnetization and spontaneous polarization. Bismuth 
ferrite BiFeO3 (BFO) is the best known material which exhibit 
ME multiferroic properties at room temperature [39].  
It belongs to rhombohedrally distorted perovskites with R3c 
space group and has high ferroelectric Curie temperature 
TC=1100 K and high Néel temperature TN=643 K.  
The ferroelectric (FE) properties result from the ordering of 
lone electron pairs of Bi3+, whereas the antiferromagnetic 
(AFM) G-type ordering of Fe3+ spins exhibits cycloidal 
modulation with the period λ=62 nm [40, 41]. It is assumed 
that a weak FM moment in this compound originates from 
Dzyaloshinskii-Moriya type interaction which forces small 
canting of the spins out of the rotation plane of the cycloid. 
The weak FM moment increases when the spin cycloid is 
suppressed in BFO particles with sizes smaller or comparable 
to the modulation period λ. The spin ordering in the cycloid 
can be also modified by strong magnetic field [40, 42].  
The paper reports on the process of growth of bismuth 
ferrite multiferroic flowers obtained very recently by 
microwave assisted hydrothermal synthesis [43]. The method 
to obtain high-purity BFO phase and the parameters important 
for controlling the growth and morphology of BFO 
nanoflowers are discussed. One can expect that these materials 
can be applied in spintronic devices, as THz radiation emitters 
or catalysts [44].  
II. EXPERIMENTAL 
A. Sample Synthesis 
Powder-like samples composed of BFO nanolflowers were 
synthesized by means of microwave assisted hydrothermal 
method [43]. The nitrate of bismuth Bi(NO3)3·5H2O and iron 
Fe(NO3)3·9H2O in molar ratio 1:1 were used as the precursors 
for the synthesis. The precursors were added together with 
Na2CO3 into a KOH water solution of a molar concentration of 
6 M. To control the process of growth of BFO nanoflowers 
various amounts of polyethylene glycol PEG 2000 were added 
to the mixtures. The mixtures were transferred into a Teflon 
reactor (XP 1500, CEM Corp.), loaded into a microwave oven 
(MARS 5, CEM Corp.) and heated at the 200 °C during ts=30 
min or 60 min. After the synthesis, the suspensions of BFO 
nanoflowers were first cooled to room temperature, next 
collected by filtration kit, rinsed with HNO3, distilled water 
and placed in a dryer for 2 h. The final products were brown 
powders of BFO nanoflowers.  
 
B. Sample Characterization 
The crystallographic structure of the BiFeO3 nanoflowers 
were studied by means of X-ray diffraction method (XRD) 
using a diffractometer fitted with a Co lamp (λ=0.17928 nm) 
and with a HZG4 goniometer in the Bragg-Brentano 
geometry.  
Scanning electron microscope (SEM) FEI NovaNanoSEM 
650 and transmission electron microscope (TEM) Philips 
CM20 SuperTwin were used to study the morphology and the 
structure of BiFeO3 nanoflowers.  
X-ray photoelectron spectroscopy (XPS) was applied to 
study the composition of the BFO nanoflowers. The spectra 
were collected at room temperature with UHV (standard 
pressure of 5⋅10-10mbar) VG Scienta R3000 spectrometer and 
AlKα radiation (1,486.6 eV). BiFeO3 in the form of fine 
powder was spilt onto conducting adhesive carbon tape fixed 
to a molybdenum support. In every case the binding energy 
was determined by reference to the C1s component at the 
energy of 285 eV and Gaussian-Lorentzian functions were 
used to deconvolute the line shapes.  
Magnetic measurements were performed using a Quantum 
Design Physical Property Measurement System (PPMS) fitted 
with a Vibrating Sample Magnetometer (VSM) probe.  
III. RESULTS AND DISCUSSION 
An example of the SEM micrograph of an assembly of 
BFO nanoflowers resulting from the microwave synthesis 
during ts=60 min is presented in Fig. 1. The almost regular 
ball-like nanoflowers with diameter in the range of 6 – 21 µm 
are composed of fine petals.  
 
Figure 1.  BFO nanoflowers obtained during ts= 60 min synthesis. 
The morphological details of a selected BFO nanoflower 
obtained in the same synthesis conditions are shown in Fig. 2. 
One can observe that the ball-shaped nanoflower consist of  
a great number of thin crystalline petals arranged 
perpendicularly to the nanoflower surface. 
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Figure 2.  Morphological details of a selected BFO nanoflower; the diameter 
of the ball-like nanoflower amounts to ∼17 µm .  
We have found that the shape of BFO nanoflowers 
depends on the progress of microwave assisted reaction. If the 
reaction is in an initial stage, and the time ts of the synthesis 
does not exceed about the 20 min. the nanoflowers are 
irregular and composed of a few dozen of the petals. In the 
initial stage of the synthesis small nanoflower “buds” appear, 
as shown in Fig. 3a, which are growing and blooming (Fig. 3b 
and 3c) as the reaction proceeds. The nanoflowers are fully 
developed when the reaction is completed, which takes place 
after about ts=60 min of processing. The developed 
nanoflowers form regular balls consisting of few hundreds of 
platelet-like petals as shown in Fig. 2 and 3d. Thus we can 
assume that the growth of the nanoflowers begins from only  
a few petals forming central part of flowers, which is very 
pronounced in Figs. 3a and 3b. The succeeding petals start to 
crystallize around these flower “buds”.  
 
Figure 3.   Growth process of BiFeO3 flowers (the pictures are not in the 
same scale) 
One can observe that the individual petals are irregular 
crystallites with thickness ranging from a few dozen of 
nanometers to about 500 nm and longitudinal dimension of 
few hundreds nm. The growth mechanism of such thin 
crystallites is determined by the processes taking place during 
the hydrothermal synthesis:  
Bi(NO3)3·5H2O + Fe(NO3)3·9H2O + 6KOH ⇒ BiFeO3 + 
6KNO3 + 17H2O.  
Crucial here are the intermediate stages of this reaction during 
which bismuth and iron oxides are formed [37]:  
X(NO3)3 → X3+ + 3NO3- ↑ 
X3+ + 3OH- → X(OH)3 
2X(OH)3 → X2O3 + 3H2O 
where: X=Bi, Fe.  
Bismuth ferrite compound originates due to the diffusion 
between Bi2O3 and Fe2O3 oxides occurring in the last stage of 
the reaction: 
Bi2O3 + Fe2O3 → 2BiFeO3 
The process of diffusion strongly influences the direction of 
crystallographic growth resulting in formation of dendrites and 
finally in petal-like morphology [45]. The growth of petals can 
not be related to Wulff facets theorem [46, 47] because the 
rhombohedral compounds like BFO crystallize without any 
preferred growth orientation. However, it explains the ball-like 
agglomeration of the petals forming the flowers: the 
minimization of the surface to volume ratio minimizes also the 
high surface energy of the BFO agglomerates.  
The thickness of the petals was found to be highly 
dependent upon the amount of PEG addition. The distribution 
of the petals thicknesses can be well fitted using log-normal 
function [48]: 
 
(1) 
 
where Dm denotes the median thickness of the petal and σ is 
the distribution width. The histograms of the petals 
thicknesses together with the fits obtained by means of eq. (1) 
are shown in Fig. 4. For the low amount of PEG 2000 used 
during synthesis i.e. 0% and 0.01% the histograms can be 
fitted with single log-normal function. However, if the 
concentration of PEG is higher, the histograms exhibits two 
well resolved maxima and a superposition of two log-normal 
functions is necessary to obtain a reasonable fit.  
The parameters of the best fits are given in Table I.  
Table 1 Mean size <D>, median thickness Dm and distribution width σ of the 
petals as dependent on the amount of PEG 2000 used in the synthesis 
wt% PEG <D> [nm] Dm1 [nm] σ1 Dm2 [nm] σ2 
10% 524 348 0.2 642 0.1 
1% 260 138 0.6 371 0.1 
0.2% 252 130 0.5 424 0.1 
0.01% 159 120 0.3 - - 
0% 78 61 0.4 - - 
 














−=
mD
Dlnexp
D
)D(f 222 2
11
2
1
σpiσ
 4 
0 50 100 150 200 250 300
0
10
20
30
40
50
 
 
Co
u
n
t
Co
u
n
t
0% PEG
0 100 200 300 400 500
0
10
20
30
0.2% PEG
0.01% PEG
 
 
Co
u
n
t
0 200 400 600 800 1000
0
5
10
15
20
 
 
 
0 200 400 600 800 1000
0
10
20
30
40
10% PEG
1% PEG
 
 
 
0 200 400 600 800 1000 1200
0
2
4
6
8
10
12
14
16
18 Petal thicknesses [nm]
Petal thicknesses [nm]
 
 
 
 
Figure 4.  Histograms of the petal thicknesses of selected BFO nanoflowers.  
It is evident, that the nanoflowers synthesized without 
PEG are composed of the finest petals. In this case, the 
thickness of petals varies from about 30 nm to about 200 nm, 
as presented in the histogram in Fig. 4a. Most of the petals 
exhibit thickness between 50 nm and 100 nm with the mean 
size 〈D〉≈ 78 nm. For higher amount of PEG 2000 addition the 
mean thickness of petals increases and above 0.2% of PEG 
used for the synthesis the histograms exhibit two maxima.  
The distribution of the petals thicknesses obtained for the 
highest amount of PEG (10%) is very wide with two maxima: 
at about 350 nm and 650 nm. We assume that the addition of 
PEG promotes two mechanisms of growth of BFO crystals in 
the nanoflowers. The first one is the increase in the thickness 
of flat crystals/petals. The second mechanism leads to the 
formation of very thick petals similar to microcubes. Indeed, 
the nanoflowers obtained for a very high concentration of PEG 
are very dense and composed both of the fine petals and of the 
cube-like BFO crystals. This is another manifestation of the 
fact that BFO rhombohedral compound crystallizes without 
any preferred orientation. We should admit that BFO 
microcubes can be also easily obtained by means of 
microwave assisted synthesis [38].  
The crystalline structure of the petals was also examined 
by means of TEM. Results are presented in Figs. 5 and 6. The 
petals of nanoflowers obtained during long-time synthesis (at 
least ts=60 min) are composed of small nanocrystals (see Fig. 
5). Selected area diffraction pattern (SAD) presented in the 
inset to Fig. 5 indicates that these nanocrystals exhibit well 
crystallized bismuth ferrite phase. On the other hand, the 
petals of the nanoflowers obtained during a short time 
microwave heating (ts=20 min) contain a great amount of 
small BFO nanocrystallites (of a few nm in size) immersed in 
an amorphous phase. Wide diffraction rings in the SAD 
pattern of this petal (inset to Fig. 6) confirm this interpretation.  
 
Figure 5.  TEM micrograph of the biggest crystallites for the BFO 
nanoflowers synthesised during long time ts=60 min. The inset presents SAD 
pattern.  
 
Figure 6.  TEM micrograph for the BFO nanoflowes synthesised during short 
time ts=20 min. The insert to figure shows SAD pattern. 
The XRD patterns measured at room temperature for the 
powders containing BFO nanoflowers are presented in Fig. 7. 
Panel 7a shows the pattern for the powder synthesized during 
the long time (ts=60 min). The rest of the panels present the 
data for the powders obtained after ts=30 min of processing 
and with various concentration of PEG 2000 surfactant (from 
0.01 to 10 wt%). The solid lines correspond to the best fits 
obtained by means of Rietveld method and calculated using 
FULLPROF software to the experimental data represented by 
open points. The lines below the XRD data indicate the 
difference between the data and the fit. The vertical sections 
give the positions of individual Bragg peaks. Analysis of these 
XRD patterns indicates the presence of the BFO rhombohedral 
phase with R3c space group in all samples. The parameters of 
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the hexagonal crystallographic cell are given in Table II.  
It should be however, noted that XRD studies of nanopowders 
have a considerable draw-back due to a decrease in the 
diffraction coherence length. As a result, the decrease in the 
grain/crystallite size causes an increase in the halfwidth of the 
diffraction profile. 
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Figure 7.  The XRD pattern for the powders containing BFO nanoflowers.  
 
Table II The parameters of the hexagonal R3c crystallographic cell for BFO 
nanoflowers synthesized during ts=30 min with various PEG 2000 content 
 
The mean size of the crystallites in the powders was 
calculated using the Scherrer’s equation [49]: d=Kλ/βcosΘ, 
where d denotes the crystallite size, β is the half-width of the 
diffraction peak (012), Θ stands for the angle corresponding to 
the position of the Bragg peak and λ is the used wavelength. 
The value of the constant K in the Scherrer’s equation was 
assumed K=0.9. Fig. 8 shows the mean size of the 
nanocrystallites forming the petals versus the PEG 
concentration in the solution. One can observe that the size of 
the nanocrystallites weakly depends on the PEG concentration. 
This is in clear contrast to the strong dependence of the mean 
thickness of the petals Dm on the PEG 2000 content in the 
initial solution. Thus we conclude that the petals, regardless of 
their thickness, are composed of the same building blocks i.e. 
similar in size BFO nanocrystals.  
 
Figure 8.  Dependence of the crystalline size d on the PEG 2000 
concentration  
Since the XRD pattern indicate almost no impurities, 
secondary or ternary phases, we performed also elemental 
analysis of the BFO nanoflowers by means of EDX mapping 
of elements distribution. The maps are presented in Fig. 9.  
Figure 9.  SEM micrograph and the distribution of the elements (Fe- red 
colour, Bi- green color) in BFO nanoflowers.  
The distribution of Bi and Fe elements is homogeneous, 
even inside of the BFO nanoflower, where we expected to find 
impurity phases, which may serve as a “glue” for crystalline 
petals. More information on the composition of the 
nanoflowers was obtained from XPS analysis. The results are 
shown in Figs. 10, 11 and 12. The signal from Bi4f core level 
in BFO with maxima corresponding to Bi4f5/2→164.9 eV and 
wt % PEG a, b [Å] c [Å] a,b, g [deg] d [nm] v [Å]3 
10% 5.579 13.865  a=b= 90o, g= 120o 39 373.685 
1% 5.575 13.856  a=b= 90o, g= 120o 35 372.966 
0.2% 5.576 13.857  a=b= 90o, g= 120o 35 373.086 
0.01% 5.576 13.856  a=b= 90o, g= 120o 35 373.028 
0% 5.572 13.847  a=b= 90o, g= 120o 36 372.326 
 
Fe 
 
Bi 
 
Fe, Bi 
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Bi4f
 7/2→ 159.6 eV is shown in Fig. 10. The spectrum was 
deconvoluted to extract the contributions originating from Bi3+ 
ions in BFO compound, Bi0 in metallic bismuth and Bi3+ ions 
composing Bi2O3 oxide. In the case of the BFO powder 
synthesized for the short time ts=20 min, contributions from 
metallic bismuth and Bi2O3 oxide are substantial and equal to 
about 30% and to 20%, respectively. The amount of the 
BiFeO3 phase is about 50%, only. These values, however, 
doesn’t correspond to the bulk composition of BFO 
nanoflowers, because the XPS signal comes from the thin 
layer (about 5 nm) at the surface of the petals. Indeed, the 
XRD data for this sample indicate negligible amounts of 
impurities (see Fig. 7a). Therefore, it is reasonable to conclude 
that the impurities are deposited mainly at the surface of the 
flowers. The XPS study performed for the flowers obtained 
with a long-time synthesis (ts=60 min) indicates traces of 
metallic bismuth Bi0 and Bi2O3 oxide at the surface. However, 
the overlapping of the Bi3+4f core level doublet of BFO with 
traces of the doublet of metallic Bi04f core level and also with 
Bi3+4f core level in Bi2O3 hinders more detailed analysis.  
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Figure 10.  XPS signal from Bi4f core level electrons for the sample 
synthesised during short time ts=20 min a) and long time ts=60 min b)  
Bi2O3 oxide and metallic Bi and Fe deposited at the surface of 
the BFO flowers are formed during intermediate stages of 
BFO compound synthesis, as discussed above.  
The XPS signal from Fe2p core level in BFO is presented in 
Fig 11. The total XPS signal for the sample synthesized during 
short time ts=20 min shown in Fig. 11a can be deconvoluted 
into the following set of synthetic peaks in BFO phase: 
Fe2p1/2→724.9 eV and Fe2p3/2→711.5 eV due to Fe2+ ions, 
Fe2p1/2→727.0 eV and Fe2p3/2→713.7 eV due to Fe3+ ions. 
The contribution from Fe02p3/2 →708.8 eV transition in 
metallic iron Fe0 is shifted towards lower energies.  
The content of Fe2+ and Fe3+ ions in the sample synthesized 
during short time ts=20 min (Fig. 11a) is almost identical and 
equal to about 51% of Fe2+ ions and to about 49% of Fe3+ ions. 
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Figure 11.  XPS signal from Fe2p core level electrons for the sample 
synthesized during short time ts=20 min a) and long time ts=60 min b)  
The XPS signal recorded for the nanoflower processed during 
long time ts=60 min is presented in Fig. 11b. The main 
contributions to the total signal originate from BiFeO3 
compound expressed as two synthetic peaks due to Fe2+ ions: 
Fe2p1/2 at 723.6 eV and Fe2p3/2 at 710.2 eV; and the other two 
synthetic peaks corresponding to Fe3+ ions: Fe2p1/2→726.3 
eV, Fe2p3/2→712.7 eV. The signals from Fe2+ and Fe3+ ions 
are overlapped due to strong multiplet splitting and shake up 
phenomena (satellites marked in Fig. 11b by „dash-dot”).  
The weak signal caused by metallic iron presence (Fe0) at 
706.7 eV is shifted towards lower energies like in the sample 
processed for the short time ts=20 min. The content of Fe2+ 
and Fe3+ ions is this time unequal and is about 58% and 42%, 
respectively. The differences in the ratio between Fe2+ and 
Fe3+ ions can be caused by the reaction between metallic Fe 
and Bi2O3 deposited on the surface of petals. The product of 
this reaction BiFeOx should exhibit oxygen deficiency and 
thus higher ratio of Fe2+ ions. Simultaneously, the content of 
metallic Fe and Bi2O3 impurities should decrease as it is really 
observed in XPS study for the nanoflowers synthesized during 
long time.  
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The O1s binding energy of the BiFeO3 phase determined from 
XPS data presented in Fig. 12 is the same in short and long 
synthesized samples and equal to ~529.6 eV. According to 
Zhang et al. [50] this peak corresponds to O2- ions in the BFO 
lattice.  
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Figure 12.  XPS signal from O1s core level signals for the sample synthesised 
during short time ts=20 min a) and long time ts=60 min b)  
IV. CONCLUSIONS 
The BFO flowers synthesized by means of microwave assisted 
process consists mainly of BiFeO3 and traces of Bi2O3 oxide 
and metallic Bi and Fe deposited mainly at the surface of 
theirs petals. The presence of impurity phases is more 
pronounced in the flowers synthesized during the short time 
ts=20 min, and almost disappear, if the time of processing 
approaches ts=60 min. For the short synthesis the content of Fe 
ions of various valence is comparable i.e. 51% of Fe2+ and 
49% of Fe3+ ions. The nanoflowers synthesized during the 
long time exhibit unequal ratio of Fe ions with various 
valence; 58% of Fe2+ and 42% of Fe3+ ions. The samples 
obtained with the synthesis contain also large amounts of 
amorphous or nanocrystalline phase. The nanoflowers 
synthesized during long time are composed mainly of 
nanocrystallites. The petals of the nanoflowers, regardless 
their shape and thickness, are always composed of the same 
“building blocks” i.e. nanocrystals with the size about 35-39 
nm. The thickness of the petals can be controlled by the 
amount of the surfactant added, and varies from 78 nm to 
about 420 nm. The growth and shape of the nanoflowers is 
determined by the process of diffusion in the initial stages of 
reaction resulting in petal-like morphology. On the other hand, 
the ball-like shape of the nanoflowers allows decreasing total 
surface energy of the BFO crystallites agglomeration.  
The BFO nanoflowers were found to exhibit enhanced 
magnetization [43]. Our XPS studies show that the effect may 
be not only related to the size effect but also to the Fe2+ ions 
apparent at the petal surfaces. The Fe2+ ions have the magnetic 
moment of ~ 6.7 µB , which is higher in comparison with that 
of Fe3+ ions equal to ~5.9 µB.  
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